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EFFECTS OF TIME-SHIFTED DATA ON FLIGHT-DETERMINED

STABILITY AND CONTROL DERIVATIVES

Sandra Thornberry Steers and Kenneth W. Iliff
Flight Research Center

INTRODUCTION

The effects of data processing and instrumentation errors on flight-determined
stability and control derivatives is an important yet seldom treated subject in air-
craft parameter estimation technology. It is desirable to minimize the errors, noise,
and uncertainties in any data acquisition system used in flight testing, but this is
sometimes impossible because of such program constraints as tight scheduling, lack
of funds, or the unavailability of the necessary equipment. In addition, one set of
instrumentation must often be used for several flight test objectives, so it cannot be
optimized for the determination of stability and control derivatives.

Some studies of the effects of instrumentation errors on the accuracy of deriva-
tives determined from flight test data have been made (refs. 1 and 2); however,
these studies did not treat the question of time-shifted data. Time shifts can and
often do occur in flight test data. One type of time shift occurs because of the
character of the data sampling systems. Although it is usually assumed that all the
signals recorded in a pulse code modulation (PCM) system are sampled simultane-
ously, there is a significant amount of time between the sampling of each signal. If,
in addition, some of the signals are sampled at the extremes of the sample interval,
a time shift, although less than the sample interval, occurs. This type of shift is
particularly pronounced in systems with low sampling rates. Another common cause
of time shifting is signal filtering. A properly designed filter results in a smoother
signal at the expense of producing some time delay.

It is also possible to encounter an effective time lead in one of the signals in a
modern data acquisition system. A time lead can occur if all except one of the sig-
nals is filtered. The unfiltered signal then leads the other signals. In addition, if
one signal is sampled at the end of a time interval and the rest are sampled at the
beginning, the first signal appears to lead the others. Therefore, the effects of
time leads as well as those of time lags should be examined.

Advanced parameter estimation techniques (such as that in ref. 3), which are
coming into widespread use, involve matching a computed time history with a



flight-measured time history for the same control input. There has been some
concern as to how well this approach would work if significant phase or time shifts
were present in the flight data.

This report presents the results of determining stability and control derivatives
with a maximum likelihood estimation method from flight data that have been time
shifted. Data acquired from five aircraft and from both lateral-directional and longi-
tudinal maneuvers are considered.

SYMBOLS

The data in this report are referred to the body system of axes. Physical
quantities are presented in the International System of Units (SI) and parenthetically
in U.S. Customary Units. Measurements were taken in U.S. Customary Units.

a, normal acceleration, g
ay lateral acceleration, g
Lp partial dimensional derivative of roll acceleration with respect to

roll rate, rad/sec

L partial dimensional derivative of roll acceleration with respect to
yaw rate, rad/sec

L[3 partial dimensional derivative of roll acceleration with respect to
angle of sideslip, rad/sec?

L6 partial dimensional derivative of roll acceleration with respect to
a aileron deflection, rad/sec?

LS partial dimensional derivative of roll acceleration with respect to

. 2

r rudder deflection, rad/sec

M partial dimensional derivative of pitch acceleration with respect to
q pitch rate, rad/sec

Ma partial dimensional derivative of pitch acceleration with respect to

angle of attack, rad/sec?

MS partial dimensional derivative of pitch acceleration with respect to
e elevator deflection, rad/sec?
N partial dimensional derivative of yaw acceleration with respect to
p roll rate, rad/sec
Nr partial dimensional derivative of yaw acceleration with respect to

yaw rate, rad/sec



T T

Q Q]

partial dimensional derivative of normal force divided by mass
times velocity with respect to angle of attack, rad/sec

partial dimensional derivative of yaw acceleration with respect to
angle of sideslip, rad/sec?

partial dimensional derivative of yaw acceleration with respect to
aileron deflection, rad/sec?

partial dimensional derivative of normal force divided by mass
times velocity with respect to elevator deflection, rad/sec

partial dimensional derivative of yaw acceleration with respect to
rudder deflection, rad/sec?

roll rate, deg/sec

rolling angular acceleration, deg/sec?
dynamic pressure, kN/m? (lb/ft?)
pitch rate, deg/sec

yaw rate, deg/sec

yawing angular acceleration, deg/sec?
velocity , m/sec (ft/sec)

partial dimensional derivative of side force divided by mass times
velocity with respect to angle of sideslip, rad/sec

angle of attack, deg
angle of sideslip, deg

left aileron deflection minus right aileron deflection, deg
elevator deflection, deg

rudder deflection, deg

reaction control, percent

pitch angle, deg

bank angle, deg



AIRCRAFT AND FLIGHT TEST CONDITIONS

Flight test data from several types of aircraft were analyzed to obtain results
that were independent of aircraft configuration. The choice of aircraft was based
largely on the availability of the proper dynamic response data for determining
stability and control derivatives. The data are from current or recently completed
flight test programs at the NASA Flight Research Center.

Data from five aircraft, referred to as aircraft A, B, C, D, and E, were used.
Aircraft A was an F-8C fighter with a supercritical wing and is described in
reference 4. An F-111A fighter with a variable sweep wing (ref. 5) was aircraft B.
The Lockheed JetStar airplane, a low-winged, executive jet transport, was air-
craft C (ref. 6). Aircraft D was a conventional F-8C configuration, which has a
high, variable incidence wing (ref. 7). The M2-F3 lifting body research vehicle
was aircraft E (ref. 8).

Table 1 lists the conditions under which the data for the five aircraft were
acquired. All the tests were performed at a nominal load factor of 1g with stability
augmentation systems off.

DATA ACQUISITION

All the test aircraft used in the study were instrumented to measure three-axis
linear acceleration and angular rates, Euler angles, angle of sideslip, angle of
attack, control surface deflections, velocity, and altitude. The data were recorded
on a PCM magnetic tape system. The basic sampling rates were 50 samples per
second for aircraft A, 20 samples per second for aircraft B, and 200 samples per
second for aircraft C, D, and E. The data were processed at various sample rates
(table 1).

Before being encoded and recorded by the PCM system, the data were filtered
with a passive first-order filter. All known phase shifts due to the instrumentation
filters were accounted for.

METHOD OF ANALYSIS

The first step in the method used to assess the effect of time shifting was to
obtain baseline values of the derivatives by using a maximum likelihood estimation
program and a good set of flight data for each aircraft. Time shifts were then
applied to the recorded signal of one response or control variable and a new set of
derivatives was obtained. The difference in the derivatives was attributed to the
time shift in the signal shifted.

The flight data for each aircraft used in this analysis and the corresponding
computed time histories resulting from use of the maximum likelihood estimation
method are presented in figures 1 and 2 for the lateral-directional and longitudinal



maneuvers, respectively. The type of input for each maneuver is listed in table 1.
The baseline values of the derivatives are presented in table 2.

Maximum Likelihood Estimation Method

The dimensional stability and control derivatives were determined by using

the maximum likelihood estimation method described in reference 3. This method is
a digital computational technique that determines the best set of coefficients (stabil-
ity and control derivatives) of the linearized equations of motion in such a way that
a weighted integral squared error between flight-measured and computed time
histories is minimized. The result is that the computed time history tends to match
the flight time history. The signals used in the error minimization for each vehicle
are shown in figures 1 and 2. The elements of the weighting matrices for each
vehicle (discussed in general in ref. 3) are given in table 3.

By using the Cramer-Rao bound, the maximum likelihood estimation method also
provides an estimate of the degree of confidence that should be placed in the deriv-
atives extracted from flight data. This bound provides an estimate of the lower
bound of the covariance of the parameters estimated from a given set of flight data.
Reference 3 discusses the Cramér-Rao bound more fully.

Data Time-Shifting Procedure

Time shifts were made in the positive time direction, corresponding to a time
delay or phase lag in that variable, and the negative time direction, corresponding
to a time advance or phase lead in that variable. The time-shifted sets of data were
then processed with the maximum likelihood estimation program to obtain new esti-
mates of the derivatives for comparison with the baseline values.

The flight response and control variables that were time shifted for the lateral-
directional maneuvers were p, B, and either Sa or Sr’ or both, depending on the
type of control input involved. Although 8}” was an input to aircraft D, it was not

shifted nor were the values of the rudder derivatives included. For the longitudinal
maneuvers, the time-shifted variables were a, q, and 68. Each variable was shifted

from 1 to 10 time increments, or until the maximum likelihood estimation computer
algorithm no longer converged to an answer. The maximum time shift for the various
aircraft varied because the sample rates for the aircraft differed.

RESULTS AND DISCUSSION

Effect of Time Shifts on Time History Matches

As expected, the matches between flight and computed time histories that
resulted when time-shifted data were used were poor compared with the matches
obtained with nonshifted data. Figures 3(a) and 3(b) show the matches that



resulted with time shifts in B of -0.32 second and +0.32 second, respectively, for
the lateral-directional time history from aircraft A. These matches should be com-
pared with the match in figure 1(a), which was obtained with nonshifted data.

The comparison shows that a time shift in one variable, B in this case, affected the
match of all the other response variables. In some flight data, a time shift in § of
this magnitude degraded the match so much that the maximum likelihood estimation
algorithm diverged and no results could be obtained. It was also observed that
the number of iterations required for convergence increased with increasing time
shift. Divergence occurred most often when control variables were shifted signifi-
cantly, especially if the control variable lagged the other signals so that the aircraft
appeared to respond before the control input was made. However, in most cases
the maximum likelihood estimation program converged to a reasonable, although
significantly different, answer even if time delays or advances were substantial.

Effect of Time Shifting on Derivative Estimates

The stability and control derivatives determined for each set of time-shifted
data are presented as functions of the time-shift increments for the five lateral-
directional maneuvers in figures 4 to 8 and for the two longitudinal maneuvers in
figures 9 and 10. The trends that resulted from the time shifts are shown in fig-
ure 11. Table 4 lists the derivative estimates plotted in figures 4 to 10.

The percentages of change in the derivatives for a 0.1-second time shift are
summarized for the lateral-directional maneuvers in table 5 and for the longitudinal
maneuvers in table 6. Changes for a 0.1-second time shift were compared because
a time shift of this magnitude is representative of the shifts that exist in poorly
specified data acquisition systems. Where data were not calculated for a time shift
of exactly 0.1 second, values of the derivatives were interpolated.

Estimates of the derivatives could be obtained by using the maximum likelihood
estimation method even when the time shifts in the data were considerable. In
addition, when the time-shifted data were plotted as a function of the time-shift
increment, well defined trends in the derivatives resulted instead of randomly
occurring derivative values. However, the response of the different derivatives to
a time shift in one signal varied greatly, and the response of each derivative varied
according to the signal being shifted. Some generalizations can be made, because
some effects are independent of the type of aircraft or maneuver, although with a
sample as small as this one the results cannot be taken as conclusive for all aircraft.
It may be concluded that time shifts had a significant effect on the estimates of the
derivatives. Therefore, if filters that produce significant time lags must be used,
the same filter should be applied to all signals to eliminate different time shifts for
different recorded signals.

Lateral-directional derivatives.— The percentage of change in each derivative
was computed for a 0.1-second time shift in each signal, using the value of the
unshifted derivative as the baseline value. Some of the percentages of change are
large because the baseline values are close to zero. The lateral-directional results,
which are summarized in table 5 and figure 11(a), indicate that in general the




static derivatives, NB’ LB, and YB’ change only a little with shifts in any signal
for any aircraft. The principal exceptions are the larger error in LB for aircraft A

and D and N‘3 for aircraft D. The percentage of change in L8 was small for most
a
shifted signals, and the direction of the change was the same for all the aircraft.

For Lp, the direction of the changes was consistent among the aircraft, but the large

percentage of change indicates that for some aircraft the estimate of this derivative is
degraded significantly by even a slight time shift in any of the signals chosen.
Significant but less consistent changes are apparent in N8 and LS and the rotary

a r
derivatives, Nr" Lr" and Np' For the most part, the effect of time shifting  was less

than that of time shifting the other signals, although a large enough shift in
resulted in the divergence of the algorithm.

Table 7, which is readily obtained from table 5, shows how greatly a time
shift of 0.1 second in each signal affected the lateral-directional derivatives. The
significant changes, based only on the data analyzed, may also be summarized as
follows:

The 0.1-second time shift in roll rate, p, resulted in 10-percent to
25-percent changes in the estimation of LB, Lg N8 , and Lg and in greater
r a a

than 25-percent changes in the estimation of Nr" Lr, Np , and Lp

The 0.1-second time shift in sideslip, B, resulted in 10-percent to
25-percent changes in the estimation of Nr, Lr’ L8 , and N8 and in greater
r a
than 25-percent changes in the estimation of Np

The 0.1-second time shift in aileron control, Ba, resulted in 10-percent

to 25-percent changes in the estimation of Lﬁ , NS , N8 , and LS and in
r a a

greater than 25-percent changes in the estimation of Nr" Lr’ Np ) Lp, and L8
p

The 0.1-second time shift in rudder control, 5;’" resulted in 10-percent
to 25-percent changes in the estimation of NB and in greater than 25-percent
changes in the estimation of N , L , N_, L, , and N .

r’r’'p 8;" Sa

Longitudinal derivatives.— The effects of a 0.1-second time shift on the longi-
tudinal derivatives are summarized in table 6 and figure 11(b). The percentage of
change in Ma is consistently small and the direction of change is the same for both

aircraft. Less significant changes are apparent in Na, Mq, N8 , and M8 (table 6).
e e



For the most part, the effects of shifting « and q were smaller than the effects of
time shifting 88.

The longitudinal derivatives extracted in this analysis are listed in table 8 along
with an indication of how greatly each was affected by the 0.1-second time shifts.
The table is based on table 6. The significant changes in the stability and control
derivatives from table 8, based only on the data analyzed, are summarized below.

A 0.1-second time shift in angle of attack, a, resulted in 10-percent to
25-percent changes in the estimation of M_ and in greater than 25-percent
changes in NS . q

e

A 0.1-second time shift in pitch rate, g, resulted in changes of greater
than 25 percent in the estimation of N8
e

A 0.1-second time shift in elevator control, 68, resulted in changes of

10 percent to 25 percent in the estimation of Ma and MS and in changes of

e

o)
e

greater than 25 percent in the estimation of Mq and N
It can be concluded from the data for the lateral-directional and longitudinal
derivatives that if it is desirable to obtain accurate estimates of the less significant
control derivatives (LS ) NS , and NS ) and the rotary derivatives (Nr" Lr’ Np’
r a e

Lp , and Mq) , time shifts in the response and control variables must be accounted for.

The derivatives that have the greatest effect on the aircraft response, like N[3 and
Ma’ were affected only by the larger control time shifts.

Consideration of Aircraft Characteristic Times

Another way to compare the effects on the derivatives of time shifting is to select
a time shift that corresponds to a certain percentage of the aircraft's dominant
characteristic time, since the effects of time shifts might be expected to be a function
of the characteristic times. The percentages of change in the lateral-directional and
longitudinal derivatives that resulted from a time shift equal to approximately 5 per-
cent of the dominant characteristic time of each aircraft are listed in tables 9 and 10,
respectively. The characteristic time is the period of the short period mode for the
longitudinal derivatives or the Dutch roll mode for the lateral-directional derivatives.
The characteristic time of each aircraft is given in table 1.

The results of this type of change, expressed as percentages, are approximately
the same for each derivative as the results of a time shift of 0.1 second. Therefore,
the effects of time shifting are not necessarily a strong function of the characteristic
time of the aircraft.



Uncertainty Levels

To represent the validity of one derivative estimate in relation to another,
uncertainty levels can be determined. Uncertainty levels can be calculated at the
same time as the derivatives by using Crameér-Rao bounds in the maximum likelihood
estimation program. Theoretically, the smaller the uncertainty level, the more reli-
able the estimate of the derivative.

The vertical lines through the data points in figures 12 to 14 indicate uncertainty
levels. (For this study, uncertainty levels are used in a relative sense only and are
equal to 10 times the Cramer-Rao bound, an approximation based on experience.)
For the lateral-directional maneuvers, the lines through the center of the point
correspond to the uncertainty level for a shift in p, those to the left of the point
correspond to a shift in B, and those to the right correspond to a shift in 80 and

then Sr . For the longitudinal maneuvers, the lines through the center of the points

correspond to the uncertainty levels for a shift in o, those to the left correspond to
a shift in g, and those to the right correspond to a shift in 88. The uncertainty

levels for the maneuvers in figures 12, 13, and 14 are listed in tables 11(a), 11(b),
and 11(c), respectively.

The trends of the uncertainty levels in figures 12 to 14 are consistent with the
theoretical definition of uncertainty level. The uncertainty levels are the smallest
for a zero time shift, and as the error (due to time shifting) increases, the size of
the uncertainty level increases. Correspondingly, if the derivative is not changed
significantly by the time shift, the uncertainty level remains small. The increase
in uncertainty level with the decrease in the accuracy of the data provides added
confidence in the results of the study.

For the longitudinal maneuvers, the uncertainty levels for each point include or
nearly include the value of the zero time-shift point. For the lateral-directional
data the uncertainty levels may occasionally have to be several times as great as
those plotted to include the zero time-shift point.

CONCLUSIONS

The effects of time shifts in the flight measurements of the signals used to esti-
mate stability and control derivatives were determined by time shifting one signal at
a time in the positive and in the negative time direction. The derivatives for the
data were extracted by using the maximum likelihood estimation method and analyzed
as a function of the time-shift increment. Generalizations about the values of the
data per se should not be made because the data base was small, but the following
conclusions about the effects of time shifts on the data of this study may be drawn:

(1) Even with a significant time shift in the data, it was possible to obtain
stability and control derivatives by using the maximum likelihood estimation method.



(2) The effect of time shifts on the derivatives produced results that were in
consistent rather than random patterns.

(3) Time shifts degraded the accuracy of the derivative estimation. Shifting the
control variables caused the greatest degradation, especially if the control lagged
the other signals. Time shifts in angle of attack, angle of sideslip, and pitch rate
affected the estimates less than time shifts in other signals. The lateral-directional
rotary derivatives were affected more than the other derivatives by time shifts in
any variable.

RECOMMENDATIONS

In specifying a data acquisition system for determining stability and control
derivatives, any signal processing that causes time shifts, such as filtering or
significant sampling delays, should be avoided. If such signal processing is
unavoidable, all signals should be time shifted by the same amount.

Flight Research Center
National Aeronautics and Space Administration
Edwards, Calif., December 19, 1974
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TABLE 1. -TEST CONDITIONS

Mach o v, q, Characteristic Siamtgle
Aircraft number do m/sec kN/m? time, ! Input sample/
g (ft/sce) (b/ft?) sec sample
sec
Lateral-directional maneuvers
A (F-8C, supercritical 1.00 2.5 295.66 17.005 2.03 80 25
wing) (970.00) (355.00)
B (F-111A) 0.87 11.0 280.53 12.272 3.06 5;« 20
(920.39) (256.19)
C (JetStar) 0.40 9.7 126.43 3.601 4.32 Sa 50
(414.80) (75.18)
D (F-8C) 0.67 5.5 211.56 1.461 2.12 Sa/sr 20
(694.10) (305.10)
E (M2-F3) 0.66 7.2 197.39 8.114 1.47 é“)a/Sr/ﬁ1 50
(647.60) (169.40)
Longitudinal maneuvers
B (F-111A) 0.87 5.5 274.02 14.705 2.45 Se 20
(899.00) (307.00)
C (JetStar) 0.32 9.1 105.15 5.029 3.31 89 50
(344.99) (104.99)

'The period for the short period mode for longitudinal derivatives or the Dutch roll mode for the lateral-
directional derivatives.
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TABLE 3.—ELEMENTS OF WEIGHTING MATRICES USED IN THE ERROR
MINIMIZATION FOR AIRCRAFT A, B, C, D, AND E

Aircraft
Welghtlng Signal
matrices
A B c D E
ﬁ 0 0 0 0 30
b 0 0 0 0 40
a, 20,000 100,000 19,100 13,040 16,000
e nal ® 9,750 31,500 86,100 5,864 6,000
r 280,000 480,000 1,410,000 292,900 | 120,000
p 11,500 11,500 66,300 7,475 3,000
B 2,000,000 250,000 450,000 397,100 | 800,000
a. | ----- 3,500 6,300 | ------m | ----—e-
Longitudinal R R 1,100,000 2,000,000 | ---mm | —meeoe-
q | - 130,000 364,000 | ---omm | cmoeee-
RN [E—— 1,000,000 570,000 | --=-m== | —-oooeo

14




TABLE 4.—DERIVATIVES DETERMINED WITH TIME-SHIFTED DATA

a maneuver
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TABLE 4.—DERIVATIVES DETERMINED WITH TIME-SHIFTED DATA - Continued
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TABLE 4. —DERIVATIVES DETERMINED WITH TIME-SHIFTED DATA - Continued
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TABLE 4.—DERIVATIVES DETERMINED WITH TIME-SHIFTED DATA - Continued
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TABLE 4.— DERIVATIVES DETERMINED WITH TIME-SHIFTED DATA - Continued
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TABLE 4.—DERIVATIVES DETERMINED WITH TIME-SHIFTED DATA - Concluded
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TABLE 5.—PERCENTAGE OF CHANGE IN LATERAL-DIRECTIONAL DERIVATIVES FOR
0.1-SECOND TIME SHIFT - Concluded
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TABLE 6.—PERCENTAGE OF CHANGE IN LONGITUDINAL DERIVATIVES
FOR 0.1-SECOND TIME SHIFT
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TABLE 7.—EFFECT OF 0.1-SECOND TIME SHIFTS ON

LATERAL-DIRECTIONAL DERIVATIVES

Signals resulting in change in derivative of —

Derivatives
Less than 10 percent 10 percent to 25 percent Greater than 25 percent
Static —
NB p, B, 8, 5, 1 -
LB B, Sr P, Ba —————
Yg p,B. 8,8,
Rotary —
NV‘ _____ B P 6r" 8(1
e B P: 5. 8(1
Np —————————— p. B, 8,. 8,
Lp B, 8’“ ————— D, 6:1
Control —
Ng p, B, &, 5, 1 -
r
o | p. B By: 2,
r
N8 ————— p, B, 5(1 8}"
a
Ly B, 8, p.8, I
a
TABLE 8. —EFFECT OF 0.1-SECOND TIME SHIFTS ON
LONGITUDINAL DERIVATIVES
Signals resulting in change in derivative of —
Derivatives
Less than 10 percent 10 percent to 25 percent Greater than 25 percent
Static —
Na o, q, 8e ——————————
Ma a, q Be —————
Rotary —
Mq q a Be
Control —
N6 —————————— a, g, &
e
MG a, q Se —————
e
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TIME SHIFT OF 5 PERCENT OF AIRCRAFT CHARACTERISTIC TIME
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TABLE 9.—PERCENTAGE OF CHANGE IN LATERAL-DIRECTIONAL DERIVATIVES FOR
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TABLE 9.—PERCENTAGE OF CHANGE IN LATERAL-DIRECTIONAL DERIVATIVES FOR

TIME SHIFT OF 5 PERCENT OF AIRCRAFT CHARACTERISTIC TIME - Concluded
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TABLE 10.—PERCENTAGE OF CHANGE IN LONGITUDINAL DERIVATIVES
FOR TIME SHIFT OF 5 PERCENT OF AIRCRAFT CHARACTERISTIC TIME
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TABLE 11.—CONFIDENCE LEVELS FOR TIME-SHIFTED CASES
(a) Aircraft E, 0.02 second per sample time increment, Sa and 6'_ maneuver

(b) Aircraft B, 0.05 second per sample t
Shifted variable

integer indicates the number of sample t:
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Time-shift

increments

s corresponds to a time lag, - to a time lead
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fy corresponds to a time lag, - to a time lead
sample time increments of the shift.



TABLE 11.—CONFIDENCE LEVELS FOR TIME-SHIFTED CASES - Concluded

maneuver
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(¢) Aircraft C, 0,02 second per sample time increment
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t, corresponds to a time lag, - to a time lead; integer indicates the number of
sample time increments of the shift.
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Figure 1. Typical match between computed and flight time
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